We studied the appearance and distribution of histamine (HA) during mouse embryogenesis, neonatal period, and adulthood using a specific rabbit HA antisenun and indirect immunofluorescence. HA fmt appeared on the Embryonic Day 13 (E13) in scattered mast cells in the gastrointestinal (GI) musculatis externa and liver. The splenic primordium contained a dense population of intensely HA-immunoreactive (HA-ir) cells from E13 on. From E15 to the birth, HA was detected in many embryonic cell types. On E15, the first HA-ir epithelial endoaine cells appeared in the oxyntic mucosa. In addition to the HA-ir cells in GI tract and liver, some nerve cells in ganglia of the peripheral nervous system (PNS), some fibers in spinal and cranial nerves, nerve fibers in mesenterium, and nerve plexuses of the gastrointestinal muscularis externa were HA-ir from E15 on. Occasional HA-ir nerve fibers were detected within the glandular epithelium of the oxyntic mucosa, pancreas, and salivary glands during late embryogenesis. During the same period, bright fluorescence was observed in cells of the kidney convoluted tubules and pancreatic islet cells. From E14 on, mast cells exhibiting bright fluorescence were scattered throughout the c o~e c t i~e tissue of the fetus, and their number increased rapidly with age. Their density was especially high in subcutaneous C O M~W tissue. Embryonic epidermal cells showed faint HA immunoreactivity. In musculoskeletal tissues, developing bone and occdsional striated musde cells exhibited HA immunoreactivity. Interestingly, most cells in liver showed transiently weak HA immunoreactivity during embryogenesis. In adult mouse, HA was stored only by scattered mast cells, oxyntic epithelial cells, and neurons in the tuberomamillary nucleus of the brain. The other HAcontaining embryonic cells were negative for HA in adult mouse. In conclusion, HA immunoreactivity is widely distributed in epithelial, neuronal, and mast cells in various organs during mouse embryogenesis. ( J Itisrochem Cyrochem 43211-227, 1995) KEY WORDS: Development; Mouse embryogenesis; Histamine; Immunocytochemistry; 1-ethyl-3 (3-dimethyl-aminopropyl) carbodiimide; Epithelium; Neuron; Mast cell; Mouse (Balb-C). 211 Kahlson G, Rosengren E, White T (1959): The formation of histamine in the rat fetus. J Physiol 151:131 Kameman L, PennefatherJN, West GB (1962): Possible role of histamine in rat pregnancy. J Physiol 164:138 K a m e m a n L, West GB (1962): The formation of histamine in mammals. J Physiol 160564 Kaufman MH, ed (1992): The atlas of mouse development. San Diego, CA, Academic Press
Introduction
Mouse embryogenesis and organogenesis, spanning the period from fertilization to term, have been characterized in detail by intermittent serial histological sectioning and scanning electron microscopy (Kaufman, 1992; Theiler, 1989; Gilbert, 1988; Lawson and Biscoe, 1979) . Evidence on formation and storage of histamine (HA) in the cells of various tissues involved in cell and tumor growth, embryogenesis, and reparative processes, (i.e., wound healing and regenerating liver and nerve) has been accumulating (Bartholeyns and Bouclier, 1984; Hakanson et al., 1983; Burtin et al., 1982; Watanabe et al., 1981; Rosengren, 1968,1970; Kahl- Supported by grants from the Medical Research Council of the Academy of Finland, the Sigrid Juselius Foundation, The Finnish Medical Foundation Duodecim, and the 350-Anniversary Foundation of the University of Helsinki. son et al., 1959,1963) . HA has been implicated as a mediator of cell growth and differentiation (Bartholeyns and Fozard, 1985; Kahlson and Rosengren, 1970) . The stimulatory effect of HA on hematopoiesis has strengthened this hypothesis (Dy et al., 1993; Tang and Xu, 1987; Byron, 1980) . The finding that HA-storing mast cells are frequently abundant in the contiguous tissue of metastatic tumors supports their possible role in modulating cell proliferation (Tilly et al., 1990; Cawley and Hoch-Ligetti, 1961 ). Recent studies have elucidated possible mechanisms of action of HA in cell proliferation. Studies with specific Hi-and Hpreceptor antagonists, an anti-estrogen binding site ligand N,N-diethyl-2-[4-(phenylmethyl)phenoxy]ethanamine HCI (DPPE) that inhibits intracellular HA binding (Brandes et al., 1987 (Brandes et al., ,1990 (Brandes et al., ,1991 , and inhibitors of HA biosynthesis suggest that different mechanisms operate in various tissues (Tilly et al., 1990; Bartholeyns and Fozard, 1985; Burtin et al., 1982) . The low-affinity intracellular binding site for HA, which mediates platelet aggregation and may be implicated in cell proliferation (Brandes et al., 1987 (Brandes et al., ,1990 (Brandes et al., ,1991 , has not yet been isolated. Therefore, its expression in developing tis-sues has not been studied. The suggestion that HA acts as an autocrine regulator in developing cells through intracellular mechanisms remains an interesting possibility.
Initially, a role for HA during embryogenesis was suggested by arrest of growth, death, and absorption of the embryo after inhibition of HA formation by the unspecific histidine decarboxylase (HDC) inhibitor semicarbazide superimposed on a pyridoxinedeficient diet (Kahlson et al., 1959) . More support for the role of HA in growing tissues has been provided by observations that the specific and irreversible HDC inhibitor a-fluoro-methylhistidine (a-FMH) can slow tumor growth (Bartholeyns and Fozard, 1985; Bartholeyns and Bouclier, 1984) .
Both HA concentration and HA-forming activity have-been studied in various organs of human, mouse, and rat embryos only in the pre-parturition period (Rosengren, 1963; Kameswaran and West, 1962; Kahlson et al., 1959) . These data indicate that HA is most actively synthesized and stored by the liver in rat embryo, whereas the skin in mouse embryo and the spleen, skin, and liver in human embryo are the predominant sites of HDC activity and HA storage (Kahlson and Rosengren, 1968) . The small size and difficult dissection of embryonic organs have limited measurements of HDC activity and HA concentration to a period of a few days before parturition. Many scattered HA-containing mast cells in connective tissues and among epithelial cells render determinations of HA concentration in embryonic peripheral neuronal and epithelial tissues unreliable without histochemical verification.
Application of an antiserum against HA in immunocytochemistry with 1-ethyl-3 (3-dimethyl-aminopropyl) carbodiimide (EDAC) as a fixative enables sensitive and specific detection of HA in various cells during early fetal development, even when HA concentration in tissues is low (Nissinen et al., 1992a,b; Panula et al., 1984 Panula et al., , 1985 Panula et al., ,1988 Panula et al., ,1990 Panula et al., ,1992 . By this technique, the appearance and presence of HA in many cells of the oxyntic epithelium, in kidneys, and in different structures of central, peripheral, and autonomic nervous system during rat embryogenesis (Nissinen et al., 1992a,b; Ahonen et al., 1991; Happola et al., 1991; Nissinen and Panula, 1991; Auvinen and Panula, 1988) have been revealed. Surprisingly, no detailed information is available on the localization of HA in mouse embryo despite the widespread use of mice in experimental developmental biology. Mapping of cellular stores of HA during embryogenesis is essential now because of increased unraveling of molecular mechanisms behind development and differentiation. Cloning and sequencing of HA receptors allows hybridization with nucleotide probes and localization of HA receptor-synthesizing embryonic cells. The aim of the present study was to reveal the appearance, location, and changes in the distribution of HA-like immunoreactivity in various organs and cell types of mouse embryo and to compare them to those of neonatal and adult mouse.
Materials and Methods
Preparation of Tissue. Twenty-eight prenatal [embryonic (E) days 11, 12, 13, 14, 15, 16, 17, 18), three neonatal (PO), and four adult male Balb-C mice (20-25 g) were used. To determine the age of embryos the mean value of crown-rump (c-r) lengths of normal unfixed embryos in the same litter was calculated. Theiler's embryonic age scale and the corresponding mean c-r length were applied in generally accepted determination of mouse embryonic age (Kaufman, 1992; Theiler, 1989) . At least three embryos from different litters were studied at each embryonic age. Pregnant mice were kept in a constant dark-light cycle and allowed food pellets and water ad libitum. All experiments were reviewed and accepted by the Institutional Review Committee for Experimental Animals. Embryos were surgically removed from pregnant mice (body weight 25-30 g) anesthetized with sodium pentobarbital (60 mg/kg BW, IP). The chest wall and abdomen of the embryos and decapitated neonates were opened with scissors to improve the fixation, and the bodies were immediately placed in 4% EDAC (Sigma; St Louis, MO) in 0.1 M phosphate buffer (pH 7.4) and immersed in the fixative at 4°C for 14-24 hr. The embryos were then transferred to 0.1 M phosphate buffer (pH 7.4) solution containing 20% sucrose for 1-4 days at 4'C. Adult mice (20-25 g) were anesthetized with sodium pentobarbital (60 mg/kg BW, IP) and perfused transcardially with 0.9% saline followed by 4% EDAC for 15 min. The various organs were treated as described for prenatal tissues (they were immersed in the EDAC fixative at 4°C overnight). To enable exact tissue identification, the embryos and neonatal mice were then cut with a cryostat both sagittally and transversely at 25 pm thickness and placed on gelatin-coated glass slides. Dissected tissues of adult mice were cut similarly at 25 pm thickness.
HA and Insulin Immunocytochemistry. Sections were incubated with the specific HA antiserum diluted 1:lOOO in PBS (pH 7.4) containing 0.2% Triton X-100 (PBS-T) and 1% normal swine serum for 24-72 hr at 4'C, followed by 1 hr at room temperature (RT). The sections were then incubated with fluorescein-conjugated swine anti-rabbit IgG antiserum (Dakopatts; Copenhagen, Denmark). diluted 1:40 in PBSfor 60 min at RT. After washing with PBS, the sections were covered with glass coverslips and examined with a Leitz Aristoplan fluorescence microscope equipped for epi-illumination using appropriate filter combinations.
To allow identification of HA-immunoreactive (HA-ir) endocrine cells in pancreas, sections were stained with both anti-HA and anti-insulin antisera. For double staining, a guinea pig antiserum against porcine insulin (Dakopatts) was applied (dilution 1:500) on the same or adjacent sections. Toluidine Blue Staining. Mast cells were distinguished by their metachromasia when the EDAC-fixed and HA-ir embryonic tissues were stained with toluidine blue (TB) in aqueous 15% ethanol solution (modified from Enerback, 1966) (Figure 4E ).
Control Experiments. The specificity of the immunocytochemical method used here for HA has been characterized extensively (Panula et al., 1984 (Panula et al., ,1985 (Panula et al., ,1988 . In a series of model experiments on nitrocellulose filters, EDAC-fixed HA, but not L-histidine, was detected by the antiserum, and pre-absorption of the antiserum with an HA-protein conjugate completely abolished the reaction (Panula et al., 1988 ). The HA antiserum used here did not detect other amines, L-histidine, or histidine- containing peptides in the model system of tissues (Nissinen and Panula, 1993; Nissinen et al., 1992a.b; F'anula et al., 1984 .1988 .
To control the specificity of the HA antiserum in mouse tissues, the min conjugate or HA-ovalbumin conjugate at 10 pglml concentration, or thyrotropin-releasing hormone (TRH), a peptide containing chistidine, at 50 pM concentration before application on sections. Some sections were incubated with HA antiserum pre-incubated with substance P (50 pM concentration), a peptide present in peripheral sensory nerves.
Results
HA antiserum was pre-absorbed for 24 hr at 4% with L-hinidine-dbu-
Specificity of Immunostaining for Histamine
Results of pre-absorption tests are shown in 
Digestive Organs
Most cells in liver exhibited faint fluorescence for HA exclusively on embryonic days El3 and E14 (Figures 2A and 2B ; Table 1 ). At this time, very sparse, round, strongly HA-ir mast cells were detected in the liver for the first time (Figures 2A, 2B, and 2D ). During the following embryonic days and at term, these single intensely HA-ir mast cells increased in number and formed clusters scattered throughout the liver ( Figures 2C and 2E ). The major cell population was nonreactive for HA from E15 on ( Figures 2C and 2E ). In the adult animal, the liver contained occasional HA-ir connective tissue mast cells (not shown).
In exocrine pancreas and salivary glands, many connective tissue mast cells surrounding the acini were the only HA-ir cells during embryogenesis and adulthood (Figures 3A-3C and 3K3I). They appeared first on E15 (Table 1) and increased in number with advancing embryonic age until birth (E18 in Figures 3C, 3H . and 31). However, during the postnatal period and in adult mouse, only scattered HA-ir mast cells were seen in these tissues (Figures 3F).
Gastrointestinal Tract
On E13-El5, a few scattered round H A 4 mast cells were diffusely distributed in the GI muscularis externa, as shown on E13 (Figures 2A and 2D) and on E14 ( Figure 2B ). On E15, the first HA-ir cells appeared in the epithelium and submucosa of the developing oxyntic region of foregut ( Figure 4C ; Table 1 ). The epithelial HA-ir cells were elongated or ovoid and frequently carried a cytoplasmic process ( Figure 4C ). From E15 to term, TB staining revealed that mast cells were scarce in the oxyntic mucosa, whereas epithelial enterochromaffin-like (ECL) cells formed the major portion of HA-ir cells in the epithelium at this time ( Figures 4D and 4E ). On the other hand, TB staining revealed that round or oval mast cells were the only storage site of HA in the GI submucosa ( Figure 4E ). From E17 to adulthood, both cell types in the oxyntic mucosa were round or oval ( Figures 4D, 4F , 4H, and 41). They were very numerous from the pre-parturition period to adulthood and were chiefly concentrated in the basal half of the oxyntic mucosa ( Figure 4H ). In both the developing duodenal and the intestinal part of the midgut, many HA-ir epithelial cells were very thin and oblong and frequently carried a cytoplasmic process ( Figures 4G, 4J , and 4K). These cells were seen from E15 to term and lacked metachromatic staining. Interestingly, the epithelial lining of the midgut was totally covered with faint but specific HA immunoreactivity ( Figure 4K ). As in the stomach, many HA-ir mast cells were scattered in the submucosa and mucularis externa of the gut from E15 to adulthood (Figures 4J and 4K) . In adult mouse intestine, however, no HA-ir epithelial endocrine cells were seen in the samples evaluated.
In the hindgut, HA immunoreactivity was restricted exclusively to scattered mast cells in the submucosa and muscularis externa during late embryogenesis and adulthood (not shown).
Spleen
By El3, the splenic primordium already contained many intensely H A 4 round mast cells, which were packed densely and distributed evenly throughout the spleen (Figures 2A, 2D , and SA; Table 1 ). The number and density of the intensely HA-ir mast cells increased during embryogenesis ( Figure 5B ). However, adult spleen contained only occasional HA-ir mast cells ( Figures 5C and 5D ). The splenic mast cells were never seen to carry cytoplasmic processes, but displayed characteristic HA-ir granules ( Figure 5D ) and were easily identified by their metachromasia after TB staining.
Endocrine Organs
In the endocrine pancreas, the first occasional HA-ir cells appeared on E13 ( Figures 2D and 3A ; Table 1 ). Later in embryogenesis, from E15 to term, most endocrine cells in the islets were strongly positive for HA ( Figures 3B, 3C . and 3D). Most of these H A 4 endocrine cells were also insulin-immunoreactive ( Figures 3D and 3E ). During adulthood, both the endocrine and the exocrine pancreas were negative for HA ( Figure 3F ).
In the thyroid gland, no HA-ir structures were observed until E17. After this date, HA was stored in a few mast cells and, during the late embryonic period, in occasional nerve fibers (E18 in Figure 8G , Table 1 ).
In the adrenal cortex, HA was restricted to occasional mast cells, which were detected from E15 to adulthood (E18 in Figure 8D ; Table 1 ).
Central Nervous System
HA-ir nerve cells first appeared in the developing pons and mesencephalon on E13. A large number of these neurons were seen on E14 ( Figure 6A ; Table l) , after which the number declined rapidly, so that no HA-ir neurons were identified with certainty after E16 in this area, although single immunoreactive nerve fibers were seen in brain and spinal cord. In adult mouse brain, H A 4 neurons were restricted to the tuberomamillary nucleus of the posterior hypothalamus as described earlier for rat and mouse (data not shown).
Peripherd Nervous System
HA immunoreaction was deteCted in nerve cells of the DRG and the cranial nerve ganglia by E15 ( Figure 10A ). On E15, some HA-ir nerve fibers were seen for the first time in the cranial nerves and in ventral and dorsal spinal roots (Table 1 ). The number of these HA-positive neurons and the intensity of HA immunoreactivity in the neurons and the nerve fibers increased until E18, as shown on E16 ( Figure 6B ) and on day E18 (Figures 6C and 6D ). Appearance of HA immunoreactivity in these neuronal tissues occurred at the same time during development in thoracic, abdominal, and pelvic regions.
HA-ir nerve cells appeared in many autonomic ganglia, i.e., in the celiac-superior mesenteric ganglion complex and in the sympathetic chain ganglia on E15 (Table 1 ). In the pre-vertebral autonomic ganglia, HA-ir nerve cells were numerous, approximately half of all ganglion cells on E18 (Figures 7G and 7F ) and PO. On El5 ( Figure 7B ) and E16, occasional HA-ir nerve fibers were detected in the autonomic nerve fibers of the mesentery (compare to E14 in Figure 7A ). In addition, on E15 and E16 the muscularis externa, submucosa of stomach and intestine, and paraesophageal plexus contained a loose network of HA-ir nerve fibers, as shown on E15 ( Figure 4A ). The intensity of HA immunoreactivity and the density of positive fibers increased in these autonomic neuronal tissues until E17318 (Figures 4B, 4G, 4K, and 7C) , and the HA immunoreactivity was still evident on PO ( Figure 4F ). On PO, some of the submucosal HA-ir nerve fibers even reached the gastric epithelium ( Figure 4F ). In adult mouse, however, no gastric HA-ir nerve fibers were observed ( Figures 4H and 41) .
In exocrine pancreas, salivary glands, and lung, varicose HA-ir nerve fibers appeared the first time on El6, when a few HA-ir fibers were observed mainly in perivascular areas ( Figure 3G , Table 1 ). From E17 to PO. they formed an intensely immunoreactive dense network, in addition to a perivascular area, around the salivary and pancreatic acini (E17 in Figure 3D and E18 in Figures 3H and 31) . In kidney, occasional perivascular H A 4 nerve fibers located chiefly in the medulla between E18 and PO, as shown on E18 ( Figure 8E ). Occasional HA-ir fibers were also located in the adrenal medulla and the thyroid gland parenchyma from E17 to PO, as shown on E18 ( Figures 8D and 8G) .
In muscle tissue, in addition to the intensely HA-ir myenteric nerve plexuses, striated muscles mainly in the neck region and the myocardium around both ventricles contained HA-ir nerve fibers ( Figure 9B ). These were detected from E16 to PO. H A 4 nerve fibers were mainly located close to blood vessels ( Figure 9B ). although in the myocardium occasional HA-ir nerve fibers were also seen among the cardiomyocytes ( Figure 9B ). The location of H A 4 fibers around the blood vessels was also evident in the brown adipose tissue between E16 and PO, as shown on E17 ( Figure 10D ). The brown adipose tissue displayed weak, specific immunoreactivity for HA ( Figure 10D ).
Urinary and Reproductive Systems
Tubuler cells of the degenerating mesonephros were weakly HApositive exclusively on E13-El4 (Figures 2A and 8A ). At this time, only occasional HA-ir mast cells were detected in the urogenital ridge (Figures 2A and 8A) . From E15 to PO, in addition to occasional HA-ir mast cells, the cells of the convoluted tubules and the collecting ducts were intensely immunoreactive for HA, as shown on E15 ( Figure 8B ) and on E18 (Figures 8 C and 8E ; Table 1 ). HA immunoreactivity in the renal tubules disappeared during the first postnatal days and in adult mouse kidney HA was restricted to a few scattered mast cells. During embryogenesis and in adult mouse, a few scattered mast cells were the only HA-positive cell type in both male and female gonads ( Figure 8A ). 
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Heart, Lung, and Thymus
In the heart, scattered mast cells and minute networks resembling terminal arborizations of nerves immunoreactive for HA were found in the papillary muscles, in the myocardium surrounding both ventricles, and in the left atrium on E16 to PO, as shown on E18 ( Figure  9B ; Table 1 ). Some H A 4 nerve fibers formed dense plexuses around the myocardial blood vessels (E18 in Figure 9B ). In addition, at the same stage, the non-muscular portion of the right atrium and large veins showed bright fluorescence for HA (Figures 7G and 9D) .
In adult mouse, however, very scarce HA-ir connective tissue mast cells were observed in the myocardium and the adjacent adipose tissue (not shown). A few HA-ir mast cells appeared in the lung on E14 (Figure 9C ) and were diffusely scattered in tissues during the last third of embryogenesis and adulthood. On E16 (Table I) , the first HA-ir nerve fibers appeared chiefly in peritracheal and peribronchiolar connective tissue. From E16 to birth, varicotic and branching intensely HA-ir nerve fibers formed dense plexuses at this location, as shown on E18 (Figure 9D ). During adulthood, no HA-ir nerve fibers were detected in lung. In the thymus, the first HA-positive mast cells were seen on E17 (Table 1 ). These cells were sparse ( Figure 9B ) and were seldom seen to carry one or two HA-ir processes. In the adult mouse thymus, occasional HA-ir mast cells were detected (not shown). 
Musculoskeletal System
In developing bone, the first HA-ir cells appeared on E15. They were round and were restricted to the osteogenic zone of the endochondrally ossifying vertebrae and diaphysis in extremities (Figures IOA-IOC Table 1 ). The periosteum of developing embryonic bones was also weakly HA-ir by E16 ( Figure 1OC ). TB staining did not reveal any mast cells in these locations. However, the skull and other sites of membranous ossification were negative for HA.
Smooth and cardiac muscle cells were negative for HA in all age groups examined. On the other hand, some striated muscle cells were HA-ir on E17 and E18 (Figures 3C, 8G, and 10F) and at term, but not in adulthood. During these embryonic days, al-most all striated muscle cells of the anterior abdominal wall were intensely HA-positive ( Figures 3C and 10F Table 1 ). In addition, occasional HA-ir muscle cells were detected in the pelvic, intercostal, paravertebral, and neck muscles (Figure 8G ).
Skin and Connective Tissue
All the epidermal layers were weakly positive for HA from E13 to PO (Figures 10E and 10G ; Table 1 ). The dermis and the subcutaneous connective tissue contained mast cells exhibiting bright fluorescence from E13 on (Figures 2A and 10E) . From E15 to term they increased in number very rapidly, and were densely packed in these locations ( Figure 10G ). 
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Discussion
Comparison of HA Distribution During Mouse and Rat Embryogenesis
As in the embryonic mouse, HA is also widely distributed in many tissues during the second half of embryonic life in the rat (Nissinen et al., 1992a,b; Ahonen et al., 1991; Happola et al., 1991; Nissinen and Panula, 1991; Auvinen and Panula, 1988) . However, in embryonic rat liver, an intense HA immunoreaction in the majority of cells appears earlier, on E12, and remains intense until birth (Nissinen and . In mouse liver, a weak HA immunoreaction appeared on E14 in almost all cells, and during later mouse embryogenesis HA was stored only in scattered round mast cells.
According to our preliminary HA immunohistochemical studies in rat embryo, on E13. E14, E15, and E16 HA-ir mast cells are very sparse (Nissinen and Panula, 1991; Nissinen et al., unpublished data) , whereas in the mouse they formed the predominant cellular HA storage. Mast cells were scattered mainly in subcutaneous tissue and intestinal muscularis externa, and their numbers increased with advancing embryonic age until birth.
A similar pattern of HA distribution in DRG was revealed in both rodents, which contain HA-ir neuronsfrom E16 to term (Happola et al., 1991) . A clear difference compared to rat was detected in autonomic ganglia, the neurons of which are already intensely positive for HA in mouse embryo on El6. Accordingly, in mouse embryo, mesenteric nerve fibers, and especially GI myenteric, paraesophageal, and submucosal nerve plexuses, show bright fluorescence. In rat, HA-ir cells in these sympathetic ganglia are sparse Happola et al.. 1991) whereas, surprisingly, HA-ir sympathetic nerve fibers in the chain ganglia, preaortic sympathetic tissues as well as in adrenal medulla are numerous . In rats, this difference in the low number of HA-ir ganglion cells and high number of fibers may be due to a preganglionic origin of HA-ir autonomic fibers. In mouse, the wide distribution of HA in autonomic ganglion cells and fibers indicates that both pre-and postganglionic nerve fibers may transiently synthesize or take up HA from E15 to term, as the nerves and cell bodies are negative for HA in adult mouse.
Recently, we have reported the cellular stores and developmental pattern of gastric HA and expression of gastric mRNA encoding HDC in rat (Nissinen and Panula, 1993; Nissinen et al., 1992b.c) . Only occasional HA-positive nerve fibers were detected in developing and adult rat gastric submucosa and muscularis externa, and none in the oxyntic mucosa (Nissinen and Panula, 1993; Nissinen et al., 1992b) . In addition to HA-positive, brightly fluorescent, relatively dense myenteric and submucosal nerve networks in mouse gastric wall on E17, E18, and PO, some HA-it fibers even reached the basal half of the oxyntic epithelium on day PO. In adult mouse, no gastric HA-ir nerve fibers were seen in the samples evaluated. E m bryonic and neonatal oxyntic epithelium appears to develop under the control of gastrin, probably originating mainly from duodenal and pancreatic gastrin-ir cells (Ekelund et al., 1985) . However, although intracellular canaliculi appear in the parietal cells 2 days before term (Helander, 1969) , their acid secretion is thought to remain insensitive to normal stimuli caused by gastrin and HA until the second postnatal week (Ackerman, 1982) . The possible effects of these HA-ir nerve fibers on the embryonic oxyntic epithelium remains obscure. The present study revealed a wide distribution of HA-ir nerve fibers in pancreas, submandibular gland, thymus, and kidney medulla. The density of HA-ir nerves in these organs was low compared to that of paraesophageal, myenteric, submucosal, and mesenteric nerve plexuses. Interestingly, embryonic neurons act as in vitro inducers of differentiation of nephrogenic mesenchyme (Sariola et al., 1989) , and neurons are present in developing murine kidneys (Sariola et al., 1988) . However, transmitters of these neurons involved in development are poorly characterized. Cells of the convoluted tubules and collecting ducts were intensely HA-ir during the last few days of embryogenesis and at term in both rodents (Nissinen et al., 1992a) . Recent evidence suggests that these cells in rat embryo may accumulate HA, which is synthesized in other embryonic tissues and secreted in the glomerular filtrate (Nissinen et al., 1992a) .
Correlation with Biochemistry
Activity of HDC, which forms HA from L-histidine by single-step cleavage, is relatively low in fetal mouse liver and kidney (Rosengren, 1963) compared to rat liver, which is the predominant site of HA synthesis and storage during rat embryogenesis and exceeds adult rat liver and other tissues in HA-forming capacity (Kameswaran and West, 1962; Kameswaran et al., 1962) . In mouse, the rate of HA formation even decreases per gram of liver tissue from E15 to term (Kameswaran and West, 1962) . These findings are parallel to the results of the present study, which revealed only faintly fluorescent HA-containing liver cells on E13 and E14. Later during embryogenesis and at term, most liver cells were negative for HA and only scattered HA-ir mast cells were detected throughout the liver parenchyma. Interestingly, the original pluripotent stem cell (SC) is thought to arise within the yolk sac and to migrate first to the liver and then to the adult hematopoietic organs, including bone marrow and spleen, in mice (Gilbert, 1988; Hofman and Globerson, 1973; Moore and Metcalfe, 1970) . The mouse liver contains pluripotential hematopoietic SC from E12 to term (Gilbert, 1988) . HA has been shown to trigger both pluripotent SCs and colonyforming cells into the cell cycle and to induce differentiation of myeloblasts into myelocytes and metamyelocytes (Tang and Xu, 1987; Byron, 1980) . The mouse spleen is a hematopoietic organ from E16 throughout life (Moore and Metcalfe, 1970) . Interestingly, the splenic primordium was already densely packed with intensely HA-ir mast cells on El3. On the same day, the spleen is first clearly evident as mesenchymal aggregates within the dorsal mesogastrium (Kauf-man, 1992) . The result indicates that HA originating from splenic HA-ir mast cells may have a role in hematopoiesis.
We found many strongly HA-ir mast cells mainly clustered in subcutaneous tissue and GI wall, but also widely scattered in all developing tissues. This is in accordance with the findings of Kameswaran and colleagues (1962) of a high HA concentration in embryonic mouse skin. Therefore, during mouse embryogenesis, mast cells appear to be the predominant storage sites for HA.
By light microscopy, we have studied the distribution of HDC in embryonic rat tissues using in situ hybridization and oligonucleotide probes that detect mRNA encoding for rat HDC in cells (Nissinen et al., 1992b; Castren and Panula, 1990; Castren, unpublished data) . In addition, the mouse HDC sequence has been published recently Yamamoto et al., 1990) . This enables differentiation of cells that synthesize HDC in mouse from other HA-ir cells, which take up HA only from an extracellular source.
Influence of HA on Embryonic Tissues
It has been suggested that HA may exert a dilator action on the umbilical and placental blood vessels, which lack innervation, and thus maintain adequate nuuition to the fetus until term (Kameswaran et al., 1962) . Embryonic HA diffuses freely to the maternal blood circulation and causes elevated urinary excretion of HA in pregnancy (Rosengren, 1963) and appearance of patchy HA immunoreactivity in the glomeruli (Nissinen et al., 1992b) . Unspecific and toxic HA synthesis inhibitors interrupt the development of rat embryos (Kahlson et al., 1919) . However, Kahlson's hypothesis on the growth-promoting action of HA during embryogenesis suffered at that time from the unrecognized receptor site of HA and lack of specific HA antagonists (Kahlson and Rosengren, 1968) .
Tumor growth can be reduced by applying the specific and irreversible HDC inhibitor a-FMH (Bartholeyns and Bouclier, 1984) . Furthermore, recent data indicate that stimulation of Hi receptor or serotonin receptors and inhibition of Hz receptor in tumorbearing mice plays a beneficial role in the host's defense against tumors (for review see Bartholeyns and Fozard, 1985; Burtin et al., 1982) . This may be partly due to suppressive effect of HA on the immune system by activation of H2 receptors on suppressor lymphocytes (Bartholeyns and Fozard, 1985; Gifford et al., 1981) .
Normally, a tenfold increase in HDC activity and a 20-fold increase in urinary excretion of free HA is observed in pregnant mice (Rosengren, 1963) . Application of a-FMH during mouse pregnancy from E13 on completely prevented the increase in kidney HDC activity of pregnant mice on E18 (Maeyama et al., 1982) . In addition, the urinary HA concentration was markedly reduced by this treatment (Maeyama et al., 1982 (Maeyama et al., , 1985 . Interestingly, no abnormality in the number of embryos or their viability was observed after this treatment (Maeyama et al., 1982) . However, despite such a shortterm IP administration of a-FMH, embryonic subcutaneous mast cells, which are shown to be one of the main cellular stores of embryonic HA in the present study, may have contained high amounts of HA, thus contributing to availability of HA during embryogenesis.
The expression of Hi and H2 receptors has not been studied in developing tissues. Therefore, the possible roles of these receptors in developmental physiology remain unclear. Recent data demonstrate that embryonic carcinoma cells, which resemble the pluripotent cells of an early mouse embryo, express functional HI receptors and suggest that HA might act as a regulatory factor in early development of the mouse embryo (Bloemers et al., 1993) . Contrary to Kahlson and Rosengren's (1970) hypothesis that the increased HA content observed in normal mouse embryo during the pre-parturition period was derived from non-mast cells as nascent HA, Watanabe and co-workers (1981) revealed, using normal ( + / + ) mice, that the increase in HDC activity and HA concentration occurred parallel with the increasing number of mast cells. On the other hand, in W/Wv mice, which are devoid of mast cells, these two values remained low (Watanabe et al., 1981; Kahlson and Rosengren, 1968) . On these bases of normal development of W / W mice, they speculated that it seems unlikely that HA is essential for maintenance and growth of embryos during gestation (Watanabe et al., 1981) . However, the present study reveals widespread nonmast cell storage of HA during the pre-parturition period, enabling availability of HA in many developing embryonic tissues, also in the absence of mast cells.
In conclusion, we have shown that HA immunoreactivity is widely but transiently distributed in various cell types during mouse embryogenesis. In addition to demonstrating the capacity of many scattered mast cells, chiefly in subcutaneous locations, to store HA, we also revealed many cell populations that showed intense immunoreactivity for HA, such as peripheral neurons, GI epithelial cells, and pancreatic endocrine cells. Only the dense population of HA-containing epithelial cells in the oxyntic mucosa, some neurons in CNS, and scattered HA-ir mast cells preserved their capacity to store HA until adulthood.
Studies on the expression of HDC and HA receptors during organogenesis are needed to further characterize the significance of HA in development.
